Ron receptor activation induces numerous cellular responses in vitro, including proliferation, dissociation, and migration. Ron is thought to be involved in blood cell development in vivo, as well as in many aspects of the immune response including macrophage activation, antigen presentation, and nitric oxide regulation. In previous studies to determine the function of Ron in vivo, mice were generated with a targeted deletion of the extracellular and transmembrane regions of this gene. Mice homologous for this deletion appear to die early during embryonic development. To ascertain the in vivo function of Ron in more detail, we have generated mice with a germline ablation of the tyrosine kinase domain. Strikingly, our studies indicate that this domain of Ron, and therefore Ron cytoplasmic signaling, is not essential for embryonic development. While mice deficient in this domain are overtly normal, mice lacking Ron signaling have an altered ability to regulate nitric oxide levels and, in addition, have enhanced tissue damage following acute and cell-mediated inflammatory responses.
Introduction
Tyrosine kinase receptors have been shown to regulate cellular migration, growth, and differentiation and are also involved in the defense against infectious agents and wound repair. One crucial family of multifunctional tyrosine kinase receptors is composed of the proto-oncogene products encoded by c-Met (the hepatocyte growth factor receptor), c-sea, and Ron/STK (stem cell-derived tyrosine kinase). These tyrosine kinases are synthesized as a single polypeptide chain of approximately 190 kDa. Each receptor undergoes proteolytic cleavage and is presented at the cell surface as a disulfide-linked heterodimer consisting of a 45-kDa α chain and a 150-kDa β chain. The heterodimeric receptors contain an extracellular ligandbinding domain, a single transmembrane-spanning region, and a highly conserved intracellular catalytic tyrosine kinase domain (1) (2) (3) . Signaling following activation by the appropriate growth factor induces complex pleiotropic effects known as "invasive growth," including proliferation, tubular morphogenesis, angiogenesis, cellular motility, and invasiveness (4, 5) .
In the adult mouse, Ron is expressed ubiquitously (3, (6) (7) (8) . Developmental expression studies in the mouse indicate that Ron is expressed in extraembryonic trophoblasts as early as embryonic day 3.5 (E3.5) (9) . Ron expression in the embryo proper begins in the liver around day E12.5 and is followed by expression in the central nervous system, developing bone, lung, and glandular epithelia along the digestive tract (8, 10, 11) .
It is thought that Ron expression in the liver during early development may correlate with its involvement in hematopoiesis. This is consistent with recent findings suggesting that a truncated version of the Ron protein, possibly resulting from a transcript derived from an internal promoter, confers susceptibility to Friend virus-induced erythroleukemia, indicating a functional link between Ron and blood cell development (12) .
The ligand for Ron is a serum protein called hepatocyte growth factor-like protein/macrophage-stimulating protein (HGFL/MSP) (3, 13, 14) . To date, several functions for HGFL and Ron have been elucidated, including the ability to stimulate chemotactic migration of murine resident peritoneal macrophages (15, 16) and to stimulate ingestion of complement-coated erythrocytes via the macrophage CR3 receptor (17) . Recently, in vitro activation of Ron in macrophages has been shown to inhibit inducible nitric oxide synthase (iNOS) expression and nitric oxide (NO) production following LPS or INF-γ stimulation (9, 18, 19) . This inhibition appears to occur during the latter stages of the inflammatory response and is associated with phosphatidylinositol-3 kinase activation (18) .
To determine in vivo functions for Ron and HGFL, mice carrying null alleles for either of the respective genes have been generated. Mice containing the targeted disruption of HGFL develop to term and have no obvious phenotypic abnormalities (20) . These mice produce and sustain offspring. Two laboratories have produced mice deficient in portions of Ron with different results (9, 11) . Our laboratory has reported that deletion of exons 1-14 of the Ron gene (the extracellular and transmembrane portion of Ron) leads to early embryonic death before the peri-implantation period (9) . Conversely, mice with a targeted deletion of the first exon of Ron develop normally, are fertile, and display no obvious developmental defects (11) . However, in support of previous in vitro studies, macrophages isolated from each of these mice exhibit increased levels of NO after exposure to LPS and INF-γ in vitro. In vivo, an increased sensitivity to endotoxic shock was exhibited, strengthening the link of Ron's involvement in modulating the inflammatory response (9, 11) .
Given the fact that the loss of the extracellular and transmembrane domain of Ron results in early embryonic lethality, and a limited deletion of the extracellular domain of Ron is compatible with life, we set out to determine the biological role of a specific domain of this pivotal receptor. Remarkably, our studies indicate that the cytoplasmic tyrosine kinase-containing (TKcontaining) domain of Ron is dispensable for mouse development. Adult mice devoid of the intracellular domain of Ron are phenotypically normal with inflammatory defects apparent only upon stress.
Methods

Gene targeting of the mouse Ron TK domain. The mouse
Ron gene isolated from a 129/Ola genomic library was used to construct a replacement-type targeting vector (8) . A 938-bp PCR fragment encompassing exons 10-12 (Ron gene nucleotides 10,235 to 11,173 (8) , was cloned into pKOV901 (Lexicon Genetics Inc., The Woodlands, Texas, USA). The long arm of homology consisted of a 2.3-kb PCR fragment encompassing nucleotides 13,628 to 15,942 of the Ron gene (see Figure 1 ). This arm contained a loxP site. The internal portion of the targeting vector was a PCR product containing 5′ and 3′ loxP sites surrounding nucleotides 11,235 to 13,620 of the Ron gene. For positive selection, a hypoxanthine phosphoribosyltransferase (HPRT) cassette was subcloned from pKOSelect HPRT into the unique AcsI site of pKOV901. For negative selection, a thymidine kinase expression cassette was subcloned from pKOSelect TK (Lexicon Genetics Inc.) and placed into the RsrII site of pKOV901. The targeting vector was linearized with NotI and introduced into mouse embryonic stem (ES) cells as described previously (9) . ES cell clones that had undergone homologous recombination were identified by Southern analyses on BamHI-digested genomic DNA using a probe outside the targeting vector. Targeted ES cell clone O12 ( Figure  1b ) was used further to recombine regions encompassed by the loxP sites. For this recombination, 10 7 cells were transfected with 10 µg of the supercoiled plasmid pML78, which contains a Cre recombinase cDNA with a nuclear localization signal driven by the human β-actin promoter. Four days after electroporation, the ES cells were split 1:2, and the next day the cells were placed into complete media containing 6-thioguanine (6-TG; Sigma Chemical Co., St. Louis, Missouri, USA). Approximately 5 to 7 days later, individual resistant clones were isolated, expanded, and analyzed. Specific Cre-driven recombination events were analyzed by Southern blot analyses using multiple probe sets.
Generation of mouse colonies and genotype analysis. Given that it was not known if viable mice would be obtained following a germline deletion of the TK domain of Ron, two targeted ES cell clones from each of the A4 and A5 lines ( Figure 1a ) were used to generate chimeric founders. Chimeric founders generated from each ES cell line were crossed to NIH Black Swiss mice to generate F 1 offspring. Hemizygous F 1 offspring were crossed to NIH Black Swiss females to generate F 2 offspring. F 2 hemizygous mice were mated to produce mice homozygous for the given Ron mutation. In the case of the A4 line, the mutation would generate loxP sites flanking the TK domain (exons 13 through 18 of the Ron gene). To conditionally delete the floxed allele, F 3 offspring were then crossed to HNF3αCre-expressing mice (R. Behr and K.H. Kaestner, unpublished observations). The HNF3αCre mice were in a CD-1 background. Mice from this latter mating that were hemizygous for both Cre and the floxed Ron TK allele were mated to mice that were homozygous for the floxed Ron TK allele. Mice derived from the A4 and A5 lines were found to have similar phenotypes and thus mice containing a homozygous deletion of Ron TK and cytoplasmic domains are collectively referred to as Ron TK -/-mice in this report. Wild-type mice (for the A5 line) or mice with loxP sites surrounding the TK domain of Ron are collectively referred to as Ron TK +/+ .
Derivation of HNF3αCre mice. A gene-targeting vector was constructed to replace exon 2 of the HNF3α gene with a nuclear localization sequence-Cre (NLS-Cre) cassette. The vector design was similar to that used previously to replace HNF3α with the lacZ gene (21) . The targeting vector containing 9.6 kb of HNF3α homology was electroporated into E14/1 ES cells and targeted clones identified as described previously (21) . Of 300 ES cell clones analyzed, five had undergone targeted gene replacement (Figure 2a ). Chimeric mice were derived from the targeted ES cells as described above and used to establish the HNF3αCre line.
Ron expression and protein analysis. Total RNA was isolated from tissues with Trizol (Life Technologies Inc., Rockville, Maryland, USA) according to the manufacturer's instructions. Total RNA was subjected to DNaseI treatment followed by first-strand cDNA synthesis using Superscript II (Life Technologies Inc.), followed by PCR analysis using the following primer sets. The first primer set was specific for the extracellular/transmembrane domain of Ron and included a 5′ primer in exon 11 (5′-TGGGTGGTGAGGTCTGCCAACATGAGCTCC-3′) and a 3′ primer in exon 12 (5′-CCGTCTTCGGGAGTTAAAGATCA-GGGCAAC-3′). These primers would produce a 251-bp product from reverse-transcribed RNA and a 398-bp genomic band. The second primer set was specific for the TK domain of Ron with a 5′ primer in exon 17 (5′-ATCGC-CATGCTCGCCTGCCAGTCAAATGGA-3′) and a 3′ primer in exon 19 (5′-CATAGTGGTCCCCAAGCAGTGAGGCCACTA-3′). This combination would produce an RNA-specific band of 330 bp with a genomic band being too large to be detected. The third primer set analyzed the deletion in the Ron TK -/-mice. The 5′ primer was in exon 11 (as indicated above) and the 3′ primer was in exon 19 (5′-TGGCTCT-GAGAGAGGCCGGGGCTTTGACGT-3′). This primer set would produce an RNA-specific product of 508 bp only if recombination occurred with deletion of exons 13 through 18 of the Ron gene. All other combinations from this primer set would be much larger (ranging from 1.4 kb to over 5 kb). This primer pair was used to sequence the junction from exon 12 to exon 19. Primer sequences for the control GAPDH reactions were 5′-TGGTGCAGGATG-CATTGCTG-3′ and 5′-AGTGGAGATTGTTGCCATCA-3′.
Immunoprecipitations were performed on resident peritoneal macrophages from Ron TK -/-and Ron TK +/+ mice. Approximately 10 8 macrophages were lysed as described previously (14) . Cellular proteins were immunoprecipitated with a rat anti-mouse Ron monoclonal Ab (clone 2B) (7) and separated on an 8% SDS-PAGE gel under reducing conditions. Wild-type mouse Ron and truncated Ron proteins were detected by Western analysis using a rabbit IgG Ab to the extracellular domain of Ron (22) , followed by a goat anti-rabbit IgG Ab conjugated with horseradish peroxidase. The reaction was developed with enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) reagents and exposed to film.
Tissue histology and immunohistochemistry. For ovarian analyses, mice were hyperstimulated by hormonal priming as described previously (23) . For histology, mice were sacrificed and organs of interest were harvested, fixed in 10% neutral-buffered formalin, and paraffin embedded. Tissues were sectioned, mounted on slides, and stained with hematoxylin and eosin. Immunohistochemistry was performed on paraffin-embedded tissue sections using an anti-nitrotyrosine Ab (Upstate Biotechnology Inc., Lake Placid, New York, USA) or a monoclonal Ab to the Ron α chain (Transduction Laboratories, Lexington, Kentucky, USA). The detection system used secondary Ab's conjugated to biotin (Vector Laboratories, Burlingame, California, USA), the Vectastain ABC Kit (Vector Laboratories), and a DAB peroxidase substrate (3,3′-diaminobenzidine tablet sets; Sigma Chemical Co.). The slides were counterstained with hematoxylin.
Production of HGFL and activation of peritoneal macrophage. HGFL was produced following transfection of a wild-type human HGFL cDNA clone into Chinese hamster ovary (CHO) cells as described previously (24) . Adult mouse peritoneal macrophages were isolated by peritoneal lavage as described previously (24) . Macrophages were treated with conditioned media from CHO cells or CHO cells expressing human HGFL as described previously (24) . Cell morphology was analyzed at indicated time intervals under a phase-contrast microscope. In each assay, the number of activated and nonactivated macrophages were determined by blind counting of multiple microscopic fields containing approximately 100 macrophages. Macrophages were scored as activated if the cells displayed a compact, spindle-shaped morphology with elongated cytoplasmic processes. Statistical analyses were performed using StatView and the unpaired t test. For nitric oxide (NO) production, the macrophages were stimulated with 1 µg/ml of LPS from Escherichia coli (Sigma Chemical Co.) and 100 U/ml recombinant mouse INF-γ in the presence or absence of recombinant HGFL (200 ng/ml). NO levels from in vitro-cultured macrophages were determined by measuring the levels of nitrite, a stable by-product of NO, in the serum-free conditioned culture media of plated peritoneal macrophages as described (9) . Values were normalized to control levels, and fold induction of nitrite levels were plotted.
LPS challenge. Mice were injected in the peritoneum with LPS in sterile PBS at 8.9 µg/g body weight. Survival curves were generated by monitoring the mice at daily intervals for 10 days. Eighteen mice were used in the control group (Ron TK +/+ ), and 23 mice were used in the experimental group (Ron TK -/-).
Contact dermatitis. To induce an acute irritation, a 15% phenol solution (in absolute ethanol, vehicle) was applied to the dorsal surface of the right ear of each mouse, while vehicle was applied to the left ear. Four hours later, the mice were sacrificed and the ears were taken for histological analyses. Antigen-dependent contact dermatitis (CD) was induced with dinitrofluorobenzene (DNFB) (25) . Mice were placed under metophane anesthesia, and a 0.5% DNFB (Sigma Chemical Co.) solution in 4:1 acetone/olive oil (vehicle) was applied to a 2-cm 2 area of the shaved abdomen. This treatment was repeated after 24 hours. Five days later, DNFB was applied on the dorsal surface of the right ear, with the left ear being treated with vehicle alone. Twenty-four hours later, the mice were sacrificed and the ears were harvested. The extent of ear swelling was measured microscopically from histological sections using a graticule. Ear thickness was used to quantify CD and was measured by four blinded measurements taken for each ear. The percentage of increase in ear thickness was calculated based on measuring the size of the exposed ear versus the unexposed (vehicle treated) ear for each animal. Results are indicated as averages taken from 10 to 14 mice per group between 8 and 12 weeks of age.
Results
Generation of mice containing a deletion of the TK domain of Ron.
A targeting vector was constructed to delete the TK domain of the Ron gene ( Figure 1a ). Due to the fact that this mutation may lead to embryonic lethality, the targeting vector was designed to allow the generation of conditional Ron deletions, which would allow the dissection of Ron-specific functions in vivo. The targeting vector was designed such that loxP recombinase recognition sites were incorporated 5′ to exon 13 and 3′ to exon 18, thereby floxing exons encoding the TK domain of Ron. Deletion of the TK domain would render the Ron protein catalytically inactive. Following transfection of the ES cells with the targeting vector, homologous recombination was confirmed by Southern hybridization analyses using probes from outside the targeted region (probe A in Figure 1a ). Homologous recombination occurred in 3 out of 340 ES cell clones that were analyzed (Figure 1b) . Given the possibility that the HPRT selection cassette could interfere with the endogenous expression pattern of the mutated Ron gene, a strategy was designed to eliminate HPRT before generation of the mice. The targeted ES cell clone, O12, was transiently transfected with a Cre recombinase expression vector. After transfection with Cre, recombination events between any two of the three loxP sites can be obtained (Figure 1a : A4, A5, A6). To enrich for recombinant forms A4 and A5, the Cre-transfected ES cells were selected against HPRT. After selection, 150 ES cell clones were isolated, and Southern blot analyses were performed to determine the extent of recombination (Figure 1c) . Of the six clones analyzed in Figure 1c , two had the HPRT cassette deleted (Figure 1c, lanes 1 and 2) , while the other clones have had the entire floxed region excised (Figure 1c , lanes 3-6, and data not shown). Analysis of all 150 ES cell clones indicated that 20% contained the A4 recombination and 80% contained the A5 recombination. The only modification to the floxed Ron allele (A4) is the inclusion of portions of bacterial polylinkers used in cloning the targeting vector and the addition of two 34-bp loxP sites surrounding the Ron TK domain in the intervening sequences. The A5 line contains a germline deletion of the TK domain of Ron and an additional loxP site incorporated into an intronic region.
Due to the fact that a germline mutation of the TK domain of Ron may result in embryonic lethality, two of each of the A4-and A5-targeted ES cell clones were injected into mouse blastocysts using standard technologies. Germline transmission was obtained from each of the ES cell lines.
Germline deletion of the TK domain of Ron. To determine the effect of the homozygous loss of the TK domain of Ron in mice, hemizygous Ron TK +/-siblings (from the A5 line) were intercrossed, and genotypes of the offspring were determined by Southern blot analysis (Figure 1d) . The expected mendelian ratio of inheritance was observed from heterozygous matings. The null mice (TK -/-) are devoid of the TK domain of Ron. These studies indicate that this mutation is compatible with mouse viability.
Cre-mediated excision of the TK domain of Ron. To conditionally target the floxed TK Ron allele derived from the A4 ES cell line, homozygous floxed TK Ron mice were crossed to mice expressing Cre recombinase. Cre recombinase expression was driven by the endogenous sequences of the HNF3α locus (21, 26, 27) . The derivation of the HNF3αCre allele by gene targeting is outlined in Figure 2a . Due to the fine mapping of HNF3α expression during development and through adulthood, it was anticipated that Cre expression would initiate at E8-8.5 and continue through adulthood in endoderm-derived tissues, namely, the lung, liver, and gastrointestinal tract. Heterozygosity at the HNF3α locus does not result in any known phenotypic abnormalities (21) . Mice homozygous for the floxed TK Ron allele were bred to mice hemizygous for both the floxed TK Ron allele and Cre. The generation of these animals followed a Mendelian pattern of inheritance. Mice homozygous for the floxed TK allele and heterozygous for HNF3α-driven Cre are born with no embryonic loss. To map the extent and location of the Cre-mediated recombination event, Southern hybridization and PCR analyses on DNA isolated from various organs from adult experimental mice were performed (Figure 2b) . Surprisingly, this conditional deletion strategy resulted in mice with a systemic deletion of the floxed TK Ron sequences in every tissue analyzed (Figure 2b) .
To determine the timing and extent of the excision, embryos and extraembryonic tissue were isolated and analyzed at E9. Southern analyses indicated that complete excision of the kinase domain of Ron had occurred in the whole embryo and extraembryonic tissues (data not shown). Therefore, our conditional mutation appeared to result in a very early embryonic systemic deletion of the TK domain of Ron. These studies further support data generated from the A5 mutation in that deletion of the TK domain of Ron is compatible for life. While the A4 line containing HNF3aCre confirms our germline deletion, we intend to use mice containing the floxed Ron alleles in future experiments to determine the effect of cell type-specific deletions of Ron following stressful insults.
RNA and protein analysis of the mutated allele. RT-PCR analysis was used to determine the expression levels of Ron from the mutant allele (Figure 2c obtained from RNA isolated from the lungs, kidney, intestine, mammary gland, and skin (data not shown). By bringing exons 12 and 19 together, a stop codon is generated three codons into exon 19. This junction has been sequenced from the RT-PCR product, and our data suggest that this sequence would encode the amino acids lysine-lysine-glutamine-leucine-glycine-isoleucinethreonine, followed by the TGA stop codon. The glycine is produced by a fusion between exons 12 and 19. These data indicate that the experimental mice express the predicted truncated form of Ron mRNA, which, when translated, would produce a protein with only the extracellular and transmembrane domains of Ron.
Immunoprecipitation analyses were performed on resident peritoneal macrophages isolated from control and experimental mice. Using Ab's specific for the extracellular domain of Ron, the full-length Ron β chain was detected in macrophages from the control mice (Ron TK +/+ , Figure 2d ), while a truncated protein product was detected in macrophages from the experimental animals (Ron TK -/-; Figure 2d ). The truncated product is approximately 100 kDa and corresponds to the expected size of the mutant protein. Therefore, Southern blot, RT-PCR, and Western blot analyses all indicate a complete deletion of the TK domain in our experimental animals. Furthermore, this deletion encompasses all but five amino acids of the cytoplasmic domain of Ron. Similar results were obtained from mice harboring the Cre-mediated or germline (A5) Ron deletions (data not shown).
Pathological analysis of mice deficient in the TK domain of Ron. An extensive histological and clinical analysis was performed in parallel on Ron TK -/-and Ron TK +/+ mice. Histological analyses demonstrated that, in general, most tissues and organs were comparable, including sections of the eye, conjunctiva, harderian gland, masseter muscle, mandibular lymph node, heart, aorta, renal arteries, lung, trachea, diaphragm, liver, stomach, duodenum, pancreas, jejunum, ileum, cecum, colon, adrenal gland, quadriceps muscle, cervix, uterus, pituitary, cerebrum, and cerebellum. Interestingly, although folliculogenesis appears normal, alterations were seen in the ovaries of the Ron TK -/-animals ( Figure 3 ). These alterations include reduced ovarian size, mild epithelial hyperplasia, a reduced number of corpora lutea (CL), and a change in density of the CL (Figure 3, a and b) .
Immunohistological analysis, with an Ab specific for the extracellular domain of Ron, demonstrated that ovaries from both the control (Figure 3c ) and Ron TK -/-animals ( Figure 3d ) express approximately equal amounts of Ron. Furthermore, expression appears throughout the ovaries but is more intense in the CL and oocytes (CL and arrows in Figure 3, c and d) . Given the involvement of Ron in NO regulation, the importance of NO in reproduction, and that NO exerts many of its functions through nitrosylation of proteins (28) , the ovaries were analyzed for the amount of nitrosylated tyrosines by immunohistochemistry. Following immunohistochemistry with an anti-nitrotyrosine Ab, the cumulus extracellular matrix of experimental ani-
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The mals was found to exhibit a significant increase in the amount of nitrosylated proteins ( Figure 3f ) compared with control ovaries (Figure 3e ). Similar results were obtained from mice harboring the Cre-mediated or germline (A5) Ron deletions (data not shown).
Clinical analyses indicate that the experimental animals had normal hematological values (including erythrocyte count, hemoglobin level, hematocrit, mean corpuscular volume, leukocyte count with differential, including morphology of neutrophils, eosinophils, monocytes, and lymphocytes), serum creatinine, serum electrolytes (sodium, chloride), alkaline phosphatase, and total protein (data not shown).
In vitro response of macrophage. Hematological analyses suggest that the circulating numbers of monocytes are similar in both control and experimental animals. Furthermore, the number of resident peritoneal macrophages did not differ between groups, indicating that the TK domain of Ron is nonessential for the development of blood cells or in the recruitment of monocytes to the peritoneum. We and others have shown that macrophages isolated from the peritoneal cavity show dramatic morphological changes in response to HGFL in vitro (9, 15, 17, 24, (29) (30) (31) including the ability to assume elongated shapes. To assay for in vitro morphogenic responses to HGFL, peritoneal macrophages were isolated from control and experimental mice. In response to HGFL, macrophages from control mice undergo well-established characteristic morphological shape changes indicative of activation. The control mice had similar baseline levels of activated macrophages, as reported previously, and their response to HGFL is consistent with published analyses (Figure 4a) (9, 20, 24) . In contrast, macrophages from experimental mice do not respond to HGFL, indicating that the TK domain of Ron is essential for the ability to activate macrophages in response to HGFL (Figure 4a) . Similar results were obtained from mice harboring the Cre-mediated (A4) or germline (A5) Ron mutations (data not shown).
Abrogated regulation of NO in mice deficient in the TK domain of Ron. Stimulation of Ron by HGFL has been shown to inhibit LPS-and/or INF-γ-induced production of NO (9, 11, 19) . This regulation is thought to be an important factor involved in attenuating the inflammatory activities of macrophages. To test the ability of HGFL to repress NO activity, peritoneal macrophages from experimental and control mice were isolated, and the amount of nitrite released by the macrophages was then determined (Figure 4b ). Baseline levels of nitrite were similar in macrophages isolated from each group following addition of control HGFL-conditioned media. In the presence of LPS and INF-γ, the amount of nitrite was dramatically upregulated in both populations, indicating the functionality of macrophages in the mutant mice. In striking contrast, however, in the presence of HGFL the amount of nitrite production in the control macrophages was significantly reduced compared with the mutant macrophages in response to LPS and INF-γ (Figure 4b ; P < 0.01 by ANOVA). Thus, macrophages from mutant mice are unable to attenuate the level of NO production in response to LPS or INF-γ.
Mice lacking the TK domain of Ron are susceptible to endotoxic shock. Regulation of inducible NO is critical in the pathogenesis of septic shock, a systemic inflammatory response to bacterial-derived endotoxin, most importantly LPS from gram-negative bacteria (32, 33) . Death can ensue due to shock and multiorgan failure. Elevated serum levels of NO are thought to play a central role in inducing the cardiovascular dysfunction (vasodilatation) and tissue damage observed during sepsis, and NO is thought to be the final common mediator in the inflammatory cascade leading to this condition (34) . Due to the aberrant regulation of NO in peri- toneal macrophages of our mutant mice, control and mutant mice were challenged with sublethal doses of LPS and monitored for survival (Figure 4c ). While none of the control animals died, only 52% of the mutant mice survived beyond 10 days. The survival curves are significantly different-P values less than 0.001 determined by the log-rank (Mantel-Cox) analysis. Thus, the TK domain of Ron is a critical factor regulating physiologic responses to endotoxemia.
Altered inflammatory responses in Ron TK-deficient mice. Given the involvement of NO as a mediator of inflammation, we hypothesized that the mutant animals would have differences in their ability to regulate various types of immune and inflammatory responses. To test this hypothesis, mutant and control mice were challenged in two models of CD, a model of nonimmune-mediated cutaneous (irritant) inflammation and in a model of antigen-dependent contact (allergic) hypersensitivity. Although allergic and irritant CD share many clinical and histopathological features, they are thought to be initiated by separate pathways (35) (36) (37) (38) (39) . Allergic CD requires antigen presentation by antigen-presenting cells to T cells, while irritant dermatitis is believed to activate the inflammatory cascade independent of antigen presentation. Both pathways, however, involve the release of cytokines that attract other inflammatory cells to the site, causing dilation of cutaneous blood vessels and resulting in dermal edema.
To determine whether the TK domain of Ron is required for acute (nonimmune-mediated) irritant dermatitis, challenged and unchallenged ears of mutant and control mice were isolated after acute exposure to phenol and analyzed. Histological analyses indicate a similar influx of inflammatory cells in the control and mutant animals (Figure 5a ). However, the extent of edema was significantly greater in the experimental mice compared with controls ( Figure 5, a and b) . Ear thickness increased an average of twofold in the control animals compared with 3.1-fold in the mutant animals over that of the unchallenged ear.
Mice were also studied in a DNFB-induced model of contact hypersensitivity ( Figure 5, c and d) . Following DNFB sensitization, ears of mutant and control mice were challenged and evaluated histologically ( Figure  5c ). As in irritant-induced dermatitis, histological evaluation disclosed a comparable inflammatory cell infiltrate in both groups analyzed, suggesting that the TK domain of Ron was not important for cellular migration to this site. However the extent of edema in mutant mice was dramatically increased compared with control mice ( Figure 5, c and d) . Ear thickness measurements indicate that ear swelling was increased 3.4-fold in the mutant mice compared with 2.4-fold in the control animals relative to the unchallenged ear. Thus, the CD results suggest that the TK domain is important in regulating the extent of delayed type hypersensitivity responses and acute inflammatory responses, possibly as a result of altering NO levels, resulting in increased vascular permeability and edema.
Discussion
In an attempt to determine the in vivo functional significance of a specific domain of the Ron receptor, a targeting strategy was designed to delete the TK domain of this protein. Mice with a germline deletion of this domain were derived. Strikingly, our results demonstrate that
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The complete ablation of the cytoplasmic domain, resulting in loss of Ron intracellular signaling, is compatible with life. There does not appear to be overt defects in embryonic development, hematopoiesis, or organ development or function in the nonstressed animal. Previous studies from our laboratory have indicated that deletion of exons 1 through 14, as well as several hundred base pairs of 5′ flanking sequences of the Ron gene, causes early embryonic death in mice (9) . This is intriguing, because deficiency of HGFL is compatible with normal development, growth, and propagation (20) . In addition, disruption of the first exon of Ron, potentially resulting in a hypomorphic allele, produces animals with a phenotype similar to mice lacking the TK domain of Ron described in this report (11) . The simplest explanation for these seemingly paradoxical results may be that our previous deletion resulted in the disruption or alteration of another gene near the Ron locus. This possibility cannot be entirely excluded. However, an early embryonic lethal phenotype with our previous Ron mutation was documented with multiple independent ES cell lines, and even after extensive inbreeding there is no evidence of segregation of the Ron-targeted allele from the lethal phenotype. We have also shown that Ron is expressed during the time frame of this early lethality and that mice hemizygous for this mutation display macrophagerelated phenotypes similar to those displayed by mice characterized in this report (9) . These data argue strongly that deletion of the extracellular and transmembrane domains of Ron results in embryonic loss. In contrast to our previous Ron mutation, there are no data to indicate that the disruption of the first exon of Ron generates a null allele (11) . The targeting strategy for this latter Ron mutation was to simply insert an alteration into the first exon of this gene. This insertion is not expected to eliminate possible alternative Ron transcripts that have been reported subsequently (12) . Given the fact that no data are presented at the mRNA or protein levels for Ron in the mutant animals containing a targeted alteration of the first exon, mice generated from this mutation may likely produce alternative Ron transcripts.
These combined data lead to an intriguing hypothesis that Ron signaling in vivo may occur through receptor heterodimerization. Recent reports have indicated that Ron functionally interacts with a number of receptors, namely the erythropoietin receptor, Met (the hepatocyte growth factor receptor), and with the common β signal transducer that associates with Il-3, Il-5, and GM-CSF (12, (40) (41) (42) . During embryonic development, mutant mice generated in this report, as well as mutant mice containing an alteration of exon 1, may be capable of signaling through heterodimerization with alternative receptors (9, 11) . Furthermore, potential activation of Ron-through heterodimerization is also consistent with the lack of phenotype observed in HGFL-deficient mice. In contrast, deletion of the extracellular and transmembrane domains of Ron may result in the complete loss of Ron function and/or the ability to heterodimerize, leading to embryonic lethality. Interestingly, based on regions deleted in the three mutant mice, Ron receptor dimerization possibly may occur through the transmembrane domain.
The studies in this report clearly indicate that deletion of all but five amino acids of the intracellular domain of Ron produces viable mice. These studies suggest a potential novel mechanism associated with Ron signaling in that the extracellular and transmembrane domains of Ron and not TK activity are required for developmental success. Furthermore, even though the TK domain is not essential, it is apparent that one, nonredundant function of Ron signaling is to attenuate the inflammatory response. Our present findings, as well as results of the previous Ron mutant animals, are in complete agreement that Ron expression is critical in the regulation of macrophage-mediated inflammatory responses (9, 11) . One mechanism that Ron uses to limit the extent of inflammation may be by limiting the production of NO. NO is an important mediator of inflammation and microbicidal and tumoricidal activity of macrophages, and Ron may thus protect tissues from the potential harmful effects of NO and inflammation. NO regulation has been found to be necessary for optimal mammalian reproduction, especially during the events of ovulation (43) . In rodents, improper regulation of NO affects luteal function, steroidogenesis, and oocyte maturation that leads to a decrease in the number of ovulated cumulus oocyte complexes (44) (45) (46) . Thus, the reduced number of CL in the ovaries from mice devoid of the TK domain of Ron suggests that these animals ovulated fewer oocytes compared with controls, possibly due to altered NO levels and increased amounts of nitrosylated proteins within the cumulus extracellular matrix (Figure 3 ). In addition to ovarian defects, the hyper-responsiveness to allergic and irritant CD imply that mice deficient in the TK domain of Ron do not have a defect in antigen presentation, but instead have a general inability to limit the extent of tissue damage following an inflammatory response. Ongoing studies are being performed to elucidate the molecular mechanism regulating these reproductive and immunological responses.
In summation, our current work provides an analysis of the potential roles of Ron signaling in vivo. We have shown that the absence of Ron signaling is compatible with life, but results in potentiation of the inflammatory response. A pivotal in vivo role of the TK domain of Ron in the mouse is to attenuate the harmful effects of NO, which may include increased vascular permeability and tissue edema in various models of inflammation of the skin and lungs (data not shown) and increased mortality resulting from LPS-induced endotoxemia. The mice generated in this report should be beneficial in elucidating the effect of the Ron TK domain on NO generation and regulation in inflammation as well as in ultimately determining the cell type-specific roles for this protein in vivo using conditional gene targeting.
